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Abstract—Low altitude unmanned aerial vehicle (UAV)-aided
applications are promising in the future generation communi-
cation systems. In this paper, a recently conducted measurement
campaign for characterizing the low-altitude air-to-ground (A2G)
channel in a typical Long Term Evolution (LTE) network is
introduced. Five horizontal flights at the heights of 15, 30,
50, 75, and 100 m are applied, respectively. The realtime LTE
downlink signal is recorded by using the Universal Software
Radio Peripheral (USRP)-based channel sounder onboard the
UAV. Channel impulse responses (CIRs) are extracted from the
cell specific signals in the recorded downlink data. To shed lights
on the physical propagation mechanisms, propagation graph
simulation is exploited. Moreover, path loss at different heights
are investigated and compared based on the empirical data. The
simulated and empirical results provide valuable understanding
of the low altitude A2G channels.
Index Terms—Air-to-ground channel, channel measurements,
LTE, graph modeling and path loss
I. INTRODUCTION
Recently, the increasing development of unmanned aerial
vehicles (UAVs) makes it possible to involve new types
of communication applications in the future fifth generation
communication systems. The decreasing cost and size of UAVs
are promising more widely-applied civil and commercial
applications such as video surveillance, search and rescue,
precision farming, wildlife monitoring, and transportation,
among others [1], [2].Accurate knowledge of the air-to-ground
(A2G) channel is essential to enable the low-latency and high-
data-rate UAV-based applications.
Considerable efforts have been taken to investigate the A2G
channels. Simulation tools [3]–[6] such as ray-tracing and
geometry-based stochastic modeling approach were exploited
to study the A2G channel characteristics, e.g., the path loss.
Regarding the measurement-based investigations, the richest
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set can be found in [7], [8]. The considered frequency bands
are 968 MHz and 5.06 GHz. The scenarios of interest include
suburban, near urban, mountain, desert, hilly, over-sea, etc.
Path loss, channel dispersions, fast fading etc. were investi-
gated thoroughly. The UAV applied in these investigations is
an aircraft with large size, and its height can be up to 2000
meters. The curved earth two-ray model was generally applied
by the authors, due to the fact that at very high altitude only
line-of-sight (LoS) and ground-reflected paths have important
contributions.
However, many countries have issued regulations limiting
the UAVs with maximum heights up to 150m [9], [10].
Under these constraints, UAV operating in current Long Term
Evolution (LTE) networks is promising in the next decade,
since it is not likely to built new infrastructures to support
low-altitude UAV applications in the near future. Efforts to
enable the low altitude UAV applications will be mostly
carried out on the UAV side. It is naturally of importance
and necessity to investigate the low altitude A2G channels in
LTE networks with small UAVs applied. Several measurement
based investigations can be found in [9], [11]–[13]. In these
works, fading characteristics such as path loss, shadowing and
fast fading were investigated. The frequency bands of interest
include 800 MHz, 3.1 GHz and 3.5 GHz. Effects of tree foliage
[12] and UAV orientations [13] were also addressed.
To enrich the understanding of low altitude A2G channels in
the typical LTE networks, a measurement campaign campaign
in a LTE network in normal operation has been conducted.
Channel impulse responses (CIRs) are estimated from the
downlink data received in five horizontal flights at different
heights. Propagation graph simulation is exploited to shed
lights on the main propagation mechanisms. Further, height
dependent path loss is also investigated. The rest of this
paper is organized as follows. Sect. II describes the measure-
ment equipments, scenario, and raw data processing. Sect. III
elaborates the propagation graph simulation for understanding
the propagation mechanisms. Empirical path loss at different
heights are discussed in Sect. IV. Finally, conclusive remarks
are given in Sect. V.
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Fig. 1: Satellite view of the measurement scenario and flight
routes.
II. MEASUREMENTS AND RAW DATA PROCESSING
Fig. 1 illustrates the scenario where the measurement campaign
was conducted. It is a typical suburban scenario with buildings,
trees, rivers, etc. at the Jiading Campus of Tongji University,
Shanghai, China. The commercial LTE base station (BS)
as indicated by the asterisk in Fig. 1 was exploited as the
transmitter (Tx). The BS height was about 20 meters, and the
center frequency of the LTE downlink signal was 2.585 GHz.
Note that the BS is configured for typical downward coverage.
However, the specific radiation pattern as well as tilt values are
not provided by the network operator. The UAV in operation
is illustrated in Fig. 2. The channel sounder onboard the
UAV mainly contains the following components: a quasi-
omnidirectional discone antenna, a Universal Software Radio
Peripheral (USRP) device of type N210 [14], an accurate
10 MHz reference for the USRP, a small computer base unit
and a standard WiFi router. The discone antenna works in
the frequency band of 1-8 GHz. The 10 MHz reference is
disciplined by the Global Positioning System (GPS) signal.
The computer base unit is used to control the USRP device
and store the received data. The WiFi router was equipped
with the only purpose of controlling of the computer remotely
during the flights. As indicated by the horizontal lines in Fig. 1,
five horizontal round-trip flights at the heights of 15, 30, 50, 75
and 100 m were applied. The realtime downlink signals with
bandwidth of 18 MHz were recorded at the center frequency
of 2.585 GHz with complex sampling rate of 25 MHz. The
location information was also recorded by the built-in function
of UAV. Fig. 3 illustrates the radiation pattern of the receiver
(Rx) antenna, i.e. the discone antenna, at 2.585 GHz. The Rx
antenna is chosen to minimize the effect of its radiation pattern
to the channel characteristics in the five horizontal flights. In
the offline post-processing, CIRs h(t, τ)′s are extracted from
the measured data mainly according to the steps, i.e., filtering,
LTE signal detection and synchronization, and CIR extraction.
The detailed steps can be found in [15], [16].
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Fig. 2: The six-wings UAV used in the measurement campaign.
-40 -30 -20 -10 0 dB
- °90
H plane-
E plane-
90°
-
°
°
1
8
0
/1
8
0
Fig. 3: The radiation pattern of the discone antenna measured
at 2.585 GHz.
III. PHYSICAL INTERPRETATION
Fig. 4 illustrates an example of concatenated power delay
profiles (CPDPs), i.e. |h(t, τ)|2, for the horizontal flight at the
height of 75 meters. It is noteworthy that both the delay and
power are relative values because the time synchronization is
achieved offline and the transmitted power at BS is unknown.
Nevertheless, the link distance can be calculated according to
the geometry so that the relative delays can easily be shifted
to absolute values. It can be observed from Fig. 4 that the LoS
delay trajectory pattern is consistent with the fight route. That
is, the propagation distance increased first and then decreased.
Besides the LoS trajectory, there are also Non-LoS (NLoS)
paths. This indicates the objects that exist in the environment
have noneligible contributions to the channel.
To gain insights into how the environment interacts with the
transmitted signals, we exploit the propagation graph theory
[17], [18] to simulate the CPDPs. The graph simulation tool
was firstly proposed in [17] for stochastic channel modeling
and is advantage in simulating channels with scattering up
to infinite number of interactions in a very efficient way.
Later, it was modified in [18] by setting the vertexes and
edges according to the environment for semi-deterministic
geometrical channel simulation. Readers may refer to [17],
[18] for details. Herein, we exploit the graph simulation
tool to gain insights into the main propagation mechanisms
rather than accurately reproduce the channels. Thus several
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Fig. 4: CPDPs of a horizontal round-trip flight at the height
of 75 meters.
simplifications are applied. The grassland, river, roads etc.
are modelled as ground. The buildings materials are set
as the same type. The trees and unimportant buildings are
not incorporated. The graph simulation is then conducted
by four steps which include the 3-dimensional digital map
construction, viability evaluation among the vertexes, antenna
radiation pattern embedding and channel transfer function
(CTF) calculation. Simulated CIRs can be obtained via inverse
Fourier Transform from the corresponding CTFs.
Fig. 5 illustrates the 3-D digital map established for the envi-
ronment which includes the main objects (e.g. buildings A and
B) and an example horizontal flight route at 75 m. Fig. 6(a)
illustrates the simulated CPDPs1 for the horizontal flight at
75 m with its corresponding measured CPDPs illustrated in
Fig. 4. By comparing the two figures, it can be observed that
the main clusters have been reproduced by using the graph
simulation tool, which means that the simulation demonstrates
clearly the main propagation mechanisms of the channel
with rich multipath components. Furthermore, the individual
CPDPs contributed by individual objects are illustrated in
Figs. 6(b)-(d). Due to the bandwidth limitation, the LoS and
ground contribution are nearly non-resolvable. Building A
contributes to the signal during the whole flight with larger
delay to the LoS component. However, due to the round shape
of Building B, its contribution diminishes after the UAV passes
away from it.
IV. PATH LOSS
Based on the measured data when all the contributions from
the environment are included, path loss at different heights are
investigated. The channel power is calculated as
p(t) =
∑
τ
|αℓ(t)|
2
(1)
where |·| denotes the absolute value of the argument, and αℓ
denotes the amplitudes of multipath components estimated
1Since the measured power is relative, the power of the simulated data is
shifted by a certain value for better comparison.
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Fig. 5: Digital map applied in the propagation graph simula-
tion.
0.5 1 1.5 2 2.5 3 3.5 4
200
300
400
500
600
500
400
300
200
100
-35
-30
-25
-20
-15
H
o
ri
zo
n
ta
l
d
is
ta
n
ce
[m
]
Propagation delay [µs]
R
el
at
iv
e
p
o
w
er
[d
B
]
(a) Overall
0.5 1 1.5 2 2.5 3 3.5 4
200
300
400
500
600
500
400
300
200
100
-35
-30
-25
-20
-15
H
o
ri
zo
n
ta
l
d
is
ta
n
ce
[m
]
Propagation delay [µs]
R
el
at
iv
e
p
o
w
er
[d
B
]
(b) LoS and ground
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(c) Building A
0.5 1 1.5 2 2.5 3 3.5 4
200
300
400
500
600
500
400
300
200
100
-35
-30
-25
-20
-15
H
o
ri
zo
n
ta
l
d
is
ta
n
ce
[m
]
Propagation delay [µs]
R
el
at
iv
e
p
o
w
er
[d
B
]
(d) Building B
Fig. 6: Simulated CPDPs.
from h(t, τ) by using the Space-Alternating Generalized
Expectation-maximization (SAGE) algorithm. The implemen-
tation of SAGE is based on the signal model assumption as
h(t, τ) =
L(t)∑
ℓ=1
αℓ(t)δ(τ − τℓ(t)) + n(t) (2)
where δ(·), L, n denote the Dirac delta function, path number
and noise, repectively. Readers could refer to [19]–[21] for the
detailed implementation procedures. Furthermore, fast fading
is averaged out by using a sliding window of 20 wavelengths
[22].
Fig. 7 illustrates the power variation at different heights. It
can be observed that the channel power at 15 m is obviously
larger than that observed at the other higher hights. This is
reasonable since the LTE BS has a typical downward coverage.
When the UAV is above the BS out of its main beam, the
received power decreases significantly. A modified close-in
free path loss model is exploited herein to model the path loss
at different heights as
PL[dB] = 10γh · log10(d) +Xh + bh (3)
where γh denotes the path loss exponent (PLE), d represents
the horizontal distance, Xh is the shadow fading, and bh
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4
100 200 300 400 500
-35
-30
-25
-20
-15
-10
-5
0
5
10
100200300400500
Horizontal distance [m]
R
el
at
iv
e
p
o
w
er
[d
B
]
15 m
Fitted
30 m
Fitted
50 m
Fitted
75 m
Fitted
100 m
Fitted
Fig. 7: Power fittings for the five horizontal flights.
Table I: PLEs for the five horizontal flights
Height [m] 15 30 50 75 100
Outbound γh 3.50 2.04 2.12 1.34 1.62
Inbound γh 3.78 2.56 2.42 1.27 1.73
Mean γh 3.64 2.30 2.28 1.31 1.67
indicates the intercept. Note that since the power is relative,
bh is not discussed herein.
The power fittings by using (3) to the five empirical curves
are also illustrated in Fig. 7, and the resulted parameters are
inclued in Table I. It can be observed that the PLE decreases
with the height increasing. We postulate the reasons are as
follows. i) The LTE BS has downward coverage. The UAV at
15 m is more likely to experience obvious power change by
flying out of the main beam. ii) When the height of the UAV
is larger, the link distance is less sensitive to the horizontal
distance. To model the dependence between the heights and
the PLEs,
γh = a · h+ b+ c (4)
is used, where a and b are constants, and c is a zero-mean
Gaussian-distributed variable. Calculations show that a and
b are -0.02 and 3.42, respectively. In addition, the standard
deviation of c is 0.48.
V. CONCLUSIONS
In this contribution, a measurement campaign comprising
five different horizontal flights was conducted in a LTE
network. Propagation graph simulation tool is exploited to
investigate the main propagation mechanism of low altitude
A2G channels. Unlike the high altitude channels, the low
altitude ones consist of rich multipath components contributed
by the objects such as buildings that exist on the ground.
Moreover, due to the typical downward coverage of LTE
BS antenna, the path loss behaviours at different heights are
different. Generally, the path loss exponent ranges in 1.6-3.8
with respect to different heights and is negatively correlated
with the height. The observations in this contribution provide
valuable insights into the low altitude channel. Complete graph
simulation will be applied in the future work to reproduce
the channel behaviours, and wideband characteristics will be
investigated as well.
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